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Abstract
Extracellular superoxide dismutase (SOD3) is highly expressed in renal tissues and an important
regulator of vascular function. We hypothesized that deletion of SOD3 will attenuate recovery of
renal blood flow and increase oxidative stress and injury following renal ischemia/reperfusion.

Expression and activities of SOD isoforms, basal superoxide production, and NADPH oxidase
activity were evaluated in renal cortical homogenates from male and female wild-type (WT) and
SOD3-knockout (SOD3−/−) mice. After 60 minutes of unilateral ischemia, we assessed renal
reperfusion using an ultrasonic flow probe (Transonic) and histological measures of oxidative
stress and injury in the post-ischemic kidneys.

Total SOD activity was reduced in male SOD3−/− versus WT mice (7.4±0.3 vs 12.6±1.7 U/ml,
p=0.01). However, total SOD activity was similar in female SOD3−/− versus WT mice (14.2±1.4
vs 16.3±1.8 U/ml, n.s.), suggesting up-regulated SOD1 activity. Basal superoxide production was
significantly higher in female SOD3−/− versus WT counterparts, but not male. NADPH oxidase
activity was similar in WT and SOD3−/− mice. Compared to WT mice, renal blood flow after
ischemia was attenuated in kidneys from male, but not female, SOD3−/− mice. After 24 hours,
kidneys from male and female SOD3−/− mice demonstrated more oxidative stress (3-nitrotyrosine
staining) and renal cast formation than those from WT mice.

Loss of SOD3 impairs reperfusion after renal ischemia in male but not in female mice, which is
associated with preserved total SOD activity in females. Yet, SOD3 deletion increases post-
ischemic oxidative stress and injury in both sexes, demonstrating a key role for SOD3 in renal
ischemia/reperfusion injury.

Keywords
kidney; ischemia; reperfusion; reperfusion injury; renal circulation; oxidative stress; superoxide;
superoxide dismutase

Address for correspondence: Jennifer S. Pollock, PhD, Vascular Biology Center, Medical College of Georgia, 1459 Laney Walker
Blvd, Augusta, Georgia 30912-2500, Tel: 706 721 8514, Fax: 706 721 9799, jpollock@mail.mcg.edu.

Disclosure
We hereby declare that no conflict of interest exists.

NIH Public Access
Author Manuscript
Kidney Int. Author manuscript; available in PMC 2014 January 10.

Published in final edited form as:
Kidney Int. 2010 August ; 78(4): 374–381. doi:10.1038/ki.2010.141.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Ischemia/reperfusion (I/R) injury is an important cause of acute kidney injury (AKI) and
delayed graft function after kidney transplantation. Experimental models have provided
convincing evidence for a key role of reactive oxygen species (ROS) in renal I/R injury1–3.
In this setting, the major sources of superoxide, the most upstream molecule within the
group of ROS, seem to be NADPH oxidase, enzymes of the mitochondrial respiratory chain
and xanthine oxidase2, 4–5. In humans with AKI, the T allele of the C242T gene
polymorphism of NADPH oxidase is associated with increased markers of oxidative stress
and increased risk of dialysis and death6. Thus, there is compelling clinical evidence for a
role of superoxide in the pathogenesis of AKI.

Superoxide reacts with nitric oxide (NO) at a near-diffusion limited rate to form
peroxynitrite, which mediates several aspects of renal I/R injury3. The superoxide
dismutases (SOD) are a natural defense against oxidative injury because these enzymes
dismutate superoxide to hydrogen peroxide, which is subsequently detoxified by catalase or
glutathione peroxidase. Induction or administration of SOD might therefore be a potential
therapeutic approach to limit oxidative stress and/or injury in renal I/R. Three isoforms of
SOD exist: cytoplasmic or Cu/Zn SOD (SOD1), mitochondrial or Mn SOD (SOD2) and
extracellular SOD (SOD3), but the precise role of the various isoforms in renal I/R have not
been studied.

It has been known for several decades that the post-ischemic kidney is characterized by
endothelial cell-swelling and absent or delayed reflow7, but the pathogenic role of the
endothelium has only more recently been appreciated. Studies have demonstrated that post-
ischemic renal vasoconstriction is associated with a profound impairment of endothelium-
dependent, NO-mediated vasodilation in the renal vasculature8–12. Furthermore, improving
endothelial function and reducing post-ischemic renal vasoconstriction improves renal
outcome9, 13–14. Of the three isoforms, SOD3 is the most widely expressed isoform in the
kidney and in the vasculature, and thus might be considered the most relevant isoform for
protection against ischemia-induced changes in the kidney, including the maintenance of
renal blood flow (RBF)15–16. In addition, lack of SOD3 impairs vascular function in other
settings, as demonstrated in the angiotensin II-dependent hypertension model and in the
neovascularization response after hindlimb ischemia17–18.

Sex differences may also modulate the susceptibility of various organs to I/R injury. As
examples, men are more susceptible to kidney I/R than women19 and male mice have
increased susceptibility to ischemic injury compared to female mice20–21. This sex
difference seems related to differential activation of post-ischemic signaling pathways
including activation of NO-synthase and modulation of antioxidant enzyme expression and
activity21–23. Because SOD3 is expressed in high levels within the kidney and the
vasculature, we hypothesized that lack of SOD3 would impair renal reperfusion, increase
oxidative stress, and increase renal injury in a mouse model of renal I/R. In light of potential
sex differences in the regulation of antioxidant enzymes, we also compared male and female
WT and SOD3−/− mice in this study.

Results
Expression and activity of SOD isoforms

As expected, SOD3 expression was absent in male and female SOD3−/− mice (figure 1). In
both male and female WT mice, SOD3 expression in the renal cortex was lower in post-
ischemic kidneys after 1 hour of reperfusion compared to control kidneys (figure 1). Further,
SOD1 and SOD2 expression did not differ between ischemic and control kidneys and
between WT and SOD3−/− mice of both sexes (data not shown).
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Total SOD activity was lower in kidneys of male SOD3−/− mice versus male WT mice
(figure 2 A). Inhibition of the cyanide-sensitive isoforms, SOD1 and SOD3, revealed that
the lower total SOD activity in male SOD3−/− mice was not due to differences in SOD2
activity, but due to lower SOD1+SOD3 activity. Since we verified SOD3 expression is
absent, then the lower total SOD activity seen in the renal cortex of male control kidneys is
due to the loss of SOD3.

In females, loss of SOD3 did not affect total SOD, SOD2 or SOD1+SOD3 activities (figure
2 B). This indicates that that there was compensatory upregulation of SOD1 activity in
female SOD3−/− mice, or alternatively, that there is limited contribution of SOD3 activity to
total SOD activity in females.

Basal superoxide production and NADPH oxidase activity
In renal cortical homogenates of kidneys from male and female mice, basal superoxide
production was higher in the female, but not in the male, SOD3−/− mice compared to WT
controls (figure 3 A and B). Renal cortical homogenates from post-ischemic kidneys after 1
hour of reperfusion did not display an increase in basal superoxide production between male
SOD3−/− and WT mice (2.0±1.3 vs 2.9±1.3 cpm/µg protein, n.s), and was also similar
between female SOD3−/− and WT mice (2.8±2.8 vs 1.6±1.1 cpm/µg, n.s.).

NADPH oxidase activity was similar between SOD3−/− and WT mice in both the male and
female mice strains (figure 4 A and B). Ischemia did not affect NADPH oxidase production
in any of the groups, and was therefore similar between male SOD3−/− and WT mice (65±53
vs 39±25 cpm/µg protein, n.s), and between female SOD3−/− and WT mice (122±72 vs
70±61 cpm/µg, n.s.).

Renal blood flow
Before the induction of ischemia, baseline RBF was similar in male WT versus male
SOD3−/− mice (1.36±0.07 versus 1.39±0.15 ml/min, p=0.86) and in female WT versus
female SOD3−/− mice (1.02±0.09 versus 1.10±0.12 ml/min, p=0.56). In male WT mice,
RBF returned to 56±3% of baseline 20 minutes following reperfusion, and reached a
maximum of 70±4% 60 minutes after removing the renal artery clamp (figure 5 A for
absolute values). In male SOD3−/− mice, RBF returned to 54±5% at 20 minutes but showed
an attenuated increase thereafter resulting in a maximum of 57±6% after 60 minutes. Thus,
RBF recovery was significantly blunted in male SOD3−/− mice compared to male WT
animals (p<0.0001 by 2-way ANOVA). Similar results were found when renal vascular
resistance was examined. The progressive post-ischemic reduction of renal vascular
resistance was attenuated in male SOD3−/− versus WT mice (p=0.023 by 2-way ANOVA,
figure 5 C).

In striking contrast to the findings in male mice, female SOD3−/− mice showed no
impairment in renal reperfusion compared to WT animals. In female WT mice, RBF was
59±2% of baseline 20 minutes following reperfusion and reached a maximum of 78±5%
after 60 minutes of reperfusion (figure 5 B for absolute values). Female SOD3−/− mice
showed a similar return of RBF of 61±4% at 20 minutes and a maximum of 77±5% after 60
minutes reperfusion. Thus, there was no difference in return of RBF between female
SOD3−/− and WT mice (2-way ANOVA). When examining the post-ischemic course of
renal vascular resistance, the reduction in renal vascular resistance was initially even more
pronounced in female SOD3−/− than in female WT mice (figure 5 D), and thus the opposite
from the response in male animals (figure 4 C).

Blood pressure under anesthesia was slightly lower in the male SOD3−/− than in the WT
mice, which remained stable during ischemia and then slightly dropped during reperfusion
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(Male WT vs male SOD3−/− mice: 85±4 vs 79±5 mmHg at baseline, 86±5 vs 79±4 during
ischemia, 81±7 vs 77±4 during reperfusion; 2-way ANOVA: Ptime= 0.01, Pgenotype< 0.01,
Pinteraction= 0.53). Blood pressure showed a very similar pattern in the female mice, being
slightly lower in the SOD3−/− mice (Female WT vs female SOD3−/− mice: 88±5 vs 78±5
mmHg at baseline, 87±5 vs 77±6 during ischemia, 84±6 vs 74±5 during reperfusion; 2-way
ANOVA: Ptime= 0.02, Pgenotype< 0.01, Pinteraction= 0.87). Thus, the pattern of blood pressure
change during the surgical procedure was similar in the male and female groups, and can
therefore not account for the different RBF responses.

Histological markers of oxidative stress
Oxidative stress in control and post-ischemic kidneys was assessed by staining for 3-
nitrotyrosine (3-NT), a marker of peroxynitrite formation, and for 8-
hydroxy-2'deoxyguanosine (8-OHdG), a marker of oxidative modification of DNA. While
there was no difference in the control kidneys for 3-NT staining, post-ischemic kidneys after
1 hour of reperfusion from male animals showed the greatest intensity for 3-NT (from 0=nil
staining to 3 strong staining, figure S1): 2.5±0.2 in male SOD3−/− mice, 2.3±0.5 in male
WT, 1.6±0.3 in female SOD3−/− mice, 1.4±0.2 in female WT mice (2-way ANOVA:
Psex=0.03, Pgenotype=0.54, Pinteraction= 0.95). For 8-OHdG, greatest staining intensity was
found in male SOD3−/− mice (figure S2): 2.2±0.4 in male SOD3−/− mice, 1.1±0.7 in male
WT, 1.3±0.8 in female SOD3−/− mice, 1.4±0.6 in female WT (2-way ANOVA: Psex= 0.27,
Pgenotype= 0.06, Pinteraction= 0.04). Most interestingly, after 24 hours of reperfusion, 3-NT
staining was higher in the SOD3−/− mice than in the WT mice (figure 6): 2.5±0.3 in male
SOD3−/− mice, 0.6±0.3 in male WT, 1.8±0.5 in female SOD3−/− mice, 0.3±0.2 in female
WT mice (2-way ANOVA: Psex=0.21, Pgenotype<0.001, Pinteraction=0.55).

Renal damage and inflammation
In our unilateral model of renal ischemia, and with a functioning contralateral non-ischemic
kidney, post-ischemic serum creatinine values were not elevated and were not different
across the groups (after 1 hour of reperfusion: Male WT versus SOD3−/− mice: 1.4±0.5 mg/
dl vs 1.4±0.4 mg/dl, n.s.; and female WT versus SOD3−/− mice: 1.3±0.4 mg/dl vs 1.3±0.3
mg/dl, n.s; after 24 hours: 1.0±0.1 mg/dl vs 0.9±0.2 mg/dl, n.s.; and 0.9±0.1 mg/dl vs
0.9±0.1 mg/dl, n.s.) The outcome of the post-ischemic kidneys was assessed by histology
after 1 and after 24 hours of reperfusion. As expected in renal I/R injury, the most severe
lesions were noted within the renal medulla, and no injury was seen in the non-ischemic
control kidneys, confirming the absence of any potential injury related to the surgical
procedure.

No difference in renal injury was found between groups immediately after 1 hour of
reperfusion (data not shown). After 24 hours of reperfusion, tubular necrosis within the outer
and inner medulla did not differ between the groups (table 1). Infiltration by multi-nucleated
cells as assessed by PAS staining was found to be lower in the SOD3−/− mice in the inner
medulla (2-way ANOVA: Psex= 0.13, Pgenotype= 0.02, Pinteraction= 0.45). To confirm
whether there is any difference in the infiltration by immune cells we stained the sections for
macrophages (F4/80) and T-cells (CD-3). We detected a trend towards more T-cell
infiltration in the medulla of SOD3−/− mice (2-way ANOVA: Psex= 0.36, Pgenotype= 0.08,
Pinteraction= 0.85) (table S1). Most strikingly, tubular cast formation was significantly
increased in the SOD3−/− mice compared to WT mice (Outer medulla: Psex= 0.40, Pgenotype=
0.0002, Pinteraction= 0.74; Inner medulla: Psex= 0.39, Pgenotype= 0.004, Pinteraction= 0.39 by 2-
way ANOVA) (figure 7).
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Discussion
The current study demonstrates that post-ischemic recovery of RBF is impaired in male
mice with deletion of SOD3. Surprisingly, this was not observed in female SOD3−/− mice,
and was associated with preserved total SOD activity in these animals. Renal injury after 24
hours of reperfusion, however, was aggravated in both male and female SOD3−/− mice
compared to WT controls, and this was associated with increased oxidative stress. Our study
therefore demonstrates that SOD3 is protective in renal I/R injury, but also that the effects of
SOD3 deletion on various aspects of the renal I/R model are significantly modified by sex.

Each of the three SOD isoforms has been demonstrated to have protective effects in a wide
range of conditions, but SOD3, being widely expressed in the cardiovascular system and in
the kidney, has attracted substantial attention15–16. Loss of SOD3 exaggerates angiotensin
II-dependent hypertension, which is associated with increased oxidative stress and
endothelial dysfunction in resistance vessels17. In addition, post-ischemic neovascularization
in the hindlimb circulation is impaired in mice lacking SOD318. High levels of mRNA and
strong staining for SOD3 protein has been demonstrated in the mouse kidney, in particular
in the cytoplasm of cortical tubular cells15. Furthermore, strong expression was found in
mouse and human vessels15–16. Because of this pattern of expression and the association
between renal vascular function and renal outcome after I/R injury9, 13, we studied the role
of SOD3 deletion in renal ischemia.

We found that sex, genotype, and ischemia had no effect on SOD1 and SOD2 protein
expression. In contrast, SOD3 expression decreased in the ischemic compared to the non-
ischemic kidneys of male and female WT mice. Because the catalytic activity of the SODs
can be affected independently of expression levels17, we also examined levels of SOD
activity. In the control kidneys of male SOD3−/− mice, total SOD activity was reduced based
on a reduction in SOD1+SOD3 activity, indicating that there was no compensatory increase
of SOD1 activity. In control kidneys of female SOD3−/− mice, total and SOD1+SOD3
activity were not reduced. This indicates that there was either compensatory upregulation of
SOD1 in female SOD3−/− mice or little dependence of total SOD activity on SOD3 activity
in females. The former explanation, a compensatory upregulation of SOD1 in female
SOD3−/− mice appears much more likely, because the abundant expression of SOD3 in the
female WT mice suggest that this isoform contributes to total SOD activity in females.
During ischemia we found no change in SOD activities, which is partly in contrast to studies
in rats, reporting a decrease in SOD1 and SOD3 and an increase in SOD2 expression and
activity after renal I/R24–25. In male mice, a previous study demonstrated no acute changes
in any of the three isoforms, although a bilateral model of ischemia had been used22.
Differences in the regulation of SOD isoforms between species and/or between different
ischemia protocols are therefore likely.

We also determined basal production of superoxide and NADPH oxidase activity in renal
cortical homogenates. Interestingly, basal superoxide production was increased in female,
but not in the male SOD3−/− mice. NADPH oxidase activity, however, was not increased in
male or female SOD3−/− mice compared to their WT counterparts suggesting that this
activity is not involved in the pro-oxidant capacity. Differential regulation of other pro-
oxidant enzymes, such as xanthine oxidase or mitochondrial sources of superoxide, and/or
differences in anti-oxidant enzymes including catalase and glutathione peroxidase, not
examined in the current study, might have contributed to this difference.

We then studied the effects of SOD3 deletion on the recovery of RBF, which has been
shown to be important for recovery of renal function after an ischemic episode9, 11.
Recovery of RBF after ischemia was attenuated in male, but not in female, SOD3−/− mice.

Schneider et al. Page 5

Kidney Int. Author manuscript; available in PMC 2014 January 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



This is in line with the aforementioned preserved total SOD activity in the female SOD3−/−.
Furthermore, oxidative stress in post-ischemic kidneys after 1 hour of reperfusion was
greater in male than in female mice (3-NT), and even further increased in the male SOD3−/−

mice (8-OHdG), suggesting that differences in oxidative stress likely contributed to the
observed RBF responses.

Subsequently, we assessed oxidative stress and renal injury in the post-ischemic kidneys
after 24 hours of reperfusion. Oxidative stress as determined by 3-NT staining was increased
in male and female SOD3−/− mice compared to WT controls, which was associated with
increased renal cast formation. Thus, SOD3 deletion leads to greater oxidative stress and
renal injury after renal ischemia. Interestingly, females are better able to compensate for the
loss of SOD3 in the acute setting of renal ischemia, but this does not translate into less renal
injury than that observed in males with SOD3 deletion. Further studies are needed to fully
explain this, but the specific cellular location of the three SOD isoforms, SOD3 being
extracellular, SOD1 cytoplasmic and SOD2 mitochondrial, may account for this. Even
though total SOD activity is preserved in female SOD3−/− mice, there must be a relative lack
of SOD activity in the extracellular compartment, and this may be particularly relevant for
the delayed injury after renal ischemia.

Several previous studies have demonstrated that administration of either SOD1 or SOD3
ameliorate renal I/R injury2–3, 26–27, but few have provided information on the role of the
endogenous SOD isoforms. In keeping with our present study, SOD1-deficient mice
demonstrate increased renal staining for 8-OHdG under basal conditions and 24 hours after
an ischemic episode28. In conjunction, a greater deterioration of renal function and renal
histology was found, but these investigators used a uremia model since mice were
nephrectomized on the contralateral side two weeks prior to ischemia. SOD1−/− mice were
not able to compensate for loss of SOD1, but there was no mention of whether male or
female mice were used. Thus, potential sex differences cannot be excluded. Rubinstein and
colleagues reported on the effects of post-ischemic hyperbaric oxygen (HBO) therapy on
oxidative stress, renal endothelial function and injury in a rat model of unilateral ischemia29.
HBO attenuated the decline of GFR, decreased intrarenal oxidative stress and improved
endothelium-dependent vasodilation in the renal vasculature. Most interestingly, these
improvements were associated with an increased renal expression of SOD1 in animals
treated with HBO. In another model of bilateral ischemia, male mice were protected from I/
R injury and oxidative stress after orchidectomy, which was associated with post-ischemic
upregulation of SOD2 expression and activity22. These data suggest that testosterone
suppresses the induction of SOD2 after ischemia and that SOD2 can also protect against
renal I/R injury. Future experiments with tissue-specific targeting of the SOD isoforms, e.g.
by using an adenovirus-driven approach30, are expected to provide us with more detailed
information on the role of the SOD isoforms in specific tissues, including the kidney.

In conclusion, the current study demonstrates that endogenous SOD3 protects the kidney
from renal I/R injury and functions to maintain RBF after ischemia. Although one human
trial has studied the effects of recombinant SOD in the context of renal transplantation and
has demonstrated no benefit for renal outcome31, the available experimental data suggest
that SOD should not be refuted as potential treatment option yet. Furthermore, we found
important sex differences, specifically that females with SOD3 deletion, but not males, were
able to maintain RBF after ischemia, which was associated with preserved total SOD
activity. This demonstrates substantial sex differences in the molecular mechanisms as well
as in functional aspects of renal I/R injury. These sex differences should be further studied
in order to increase our overall understanding of the mechanisms of renal I/R, which could
ultimately lead to identification of new therapeutic targets.
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Methods
Renal ischemia/reperfusion model

Male and female C57Blk/6 mice were purchased from Jackson Laboratories (Bar Habor,
Maine). To study the effects of SOD3 deletion, SOD3−/− mice on a C57Blk/6 background
were used, as described previously17. Mice were studied between 8 and 12 weeks of age,
housed in our animal facility with a 12:12 hour light-dark schedule and fed a regular rodent
diet containing 0.4% sodium (Harlan Laboratories, Indianapolis, IN). All experiments were
approved by the Medical College of Georgia Institutional Animal Care and Use Committee
and in accordance with the NIH Guide on the Care and Use of Laboratory Animals.

Mice were anesthetized by continuous inhalation of isofluorane 1% and placed on a servo-
controlled surgical heating table. To prevent fluid loss, the right jugular vein was accessed
with a polyethylene catheter (PE-10) for constant infusion of 7.5 µl/min of sodium chloride
(0.9%) with 1% bovine serum albumin. The left carotid artery was cannulated with a similar
catheter connected to a pressure transducer for direct measurement of blood pressure (BP).
Subsequently, the mouse was moved into a prone position, the right kidney was accessed,
and the renal artery isolated from the renal vein. Renal blood flow (RBF) was then
continuously measured via a 0.5V Transonic renal flow probe and a TS420 perivascular
flowmeter (Transonic Systems Inc., Ithaca, NY). BP and RBF were analyzed with a
PowerLab system (ADInstruments, Boston, MA).

After the surgical procedures and stabilization of hemodynamic parameters, baseline values
were determined for an additional 20-minute period. The renal artery was then occluded
proximal to the flow probe with a miniature clamp (Fine Science Instruments, Foster City,
CA) and zero flow was confirmed in all animals. After 60 minutes of renal ischemia, the
clamp was removed to allow for reperfusion of the kidney. After another 60 minutes of
reperfusion, the animals were overdosed with isoflurane and blood was obtained through
cardiac puncture for measurement of creatinine levels by the Jaffe reaction. Kidneys were
removed, weighed, decapsulated and snap-frozen in liquid nitrogen for immunoblotting and
assessment of SOD activities. In additional animals, kidneys were immersed in 10%
formalin for histological analyses.

Immunoblotting
Renal cortex samples were homogenized and Western blotting was performed as previously
described, with minor modifications32. Briefly, following transfer of protein onto PVDF,
membranes were blocked in 5% milk in TBS. Two-color immunoblots were performed
using polyclonal primary antibodies to SOD1, SOD2 (Stressgen, Victoria, British Columbia,
Canada) or SOD3 (provided by Dr. Fukai,33). Specific bands were detected using the
Odyssey Infrared Imager (LI-COR Biosciences, Lincoln, NE); AlexaFluor 680 was used for
the detection of anti-SOD antibody (Molecular Probes, Eugene, OR) and IRDye800
(Rockland, Gilbertsville, PA) was used for the detection of anti-actin antibody. Actin was
used to verify equal protein loading and all densitometric results are reported normalized to
actin. Protein concentrations were determined by standard Bradford assay (Bio-Rad,
Hercules, CA) using bovine serum albumin as the standard.

SOD activity assays
Renal cortex samples were homogenized and centrifuged at 1,500 g for 5 minutes.
Supernatants were diluted (1:200) and 1 µg of protein was assayed for SOD activity
(Cayman Chemical, Ann Arbor, MI) according to manufacturer’s instructions. Cyanide (3
mmol/L) was used to distinguish between the cyanide-sensitive isoforms SOD1 and SOD3
and the cyanide-resistant isoform SOD2.
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Basal superoxide production and NADPH oxidase activity
Superoxide detection experiments were conducted in 96-well microplates (OptiPlate-96,
Perkin-Elmer); 10 to 25 µg of renal cortex homogenate or PSS was added to sample and
background wells, respectively, and incubated for 30 minutes at 37°C. Basal superoxide
production was measured by lucigenin chemiluminescence (5 µmol/L). NADPH oxidase
activity was similarly measured in the presence of 100 µmol/L NADPH (Alexis
Biochemicals). After a 30-minute dark-adapt period, plates were counted on a TopCount
Microplate Scintillation and Luminescence Counter (Perkin Elmer) set to single-photon
counting mode. Superoxide production was expressed as cpm/µg protein. Superoxide
detection was abolished with inclusion of tempol (10 mmol/L).

Immunhistochemical analysis
Kidneys were immersed in 10% neutral-buffered formalin overnight at room temperature,
transferred to 70% ethanol for 24 h, and paraffin embedded. The kidneys were sectioned at a
thickness of 4 µm onto Superfrost plus slides and processed as described previously34. To
assess renal injury, kidney sections were stained using a periodic acid-Schiff (PAS) stain kit
according to standard methods. The stained sections were viewed with an Olympus B×40
microscope (Olympus America, Melville, NY) on bright-field setting fitted with a digital
camera (Olympus DP12; Olympus America). For semiquantitative evaluation, histologic
sections were examined for tubular necrosis, interstitial infiltration by multi-nucleated cells
and tubular casts. The severity of changes was graded with an arbitrary score of 0 to 4,
where 0 was nil, 1 mild, 2 moderate, 3 severe and 4 very severe. To assess oxidative stress,
slides were incubated in the absence or presence of primary antibodies to 8-
hydroxy-2'deoxyguanosine (8-OHdG; Oxis International, Portland, OR) or 3-nitrotyrosine
(3-NT, Upstate Biotechnology) in humidity chambers for 1 h or 30 min, respectively, at
room temperature or, for the assessment of infiltration of by macrophages and T-cells, in the
absence or presence of primary antibodies to F4/80 (Serotec, Canada) or CD-3 (Santa Cruz
Biotechnology, CA) in humidity chambers overnight at 4°C, followed by incubation with
peroxidase-conjugated mouse-on-mouse HRP polymer (Biocare) or goat anti-rat IgG
(Serotec) for 30 min at room temperature, respectively. For quantification of macrophage
and T-cell infiltration, F4/80 and CD-3 positive cells were counted in 10 cortical and 10
medullary 200 × 200-mm sections of kidney cortex and medulla (magnification ×40) and the
sum of 10 sections is presented. All assessments were made by an investigator blinded to the
specifics of each mouse section.

Statistical analyses
Data analysis was performed using GraphPad Prism4 software. Student` s unpaired t-test
were used to compare data between different genotypes and genders, whereas paired t-tests
were used for comparisons within the same group of animals. Comparisons between
multiple groups were performed by 2-way ANOVA tests followed by Student-Newman-
Keuls tests where appropriate. A P-value <0.05 was considered statistically significant. Data
are expressed as mean ± standard error.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. SOD3 expression in kidneys from male and female WT and SOD3−/− mice
Expression of SOD3 in the cortex of paired control and post-ischemic kidneys after 1 hour
of reperfusion of male (A) and female (B) WT and SOD3−/− mice (n=7 in WT males and
n=7 in WT females, respectively). Bottom panel shows representative blot along with
molecular weight standards. cont, control kidney; isch, ischemic kidney; * p<0.05, **
p<0.01.
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Figure 2. SOD isoform activities in kidneys from male and female WT and SOD3−/− mice
SOD isoform activities in the cortex of kidneys from male (A) and female (B) WT and
SOD3−/− mice (n=8 in male WT, n=7 in male SOD3−/−, n=8 in female WT and n=8 in
female SOD3−/− mice, respectively). n.s., not significant, (p>0.05), * p<0.05, ** p<0.01
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Figure 3. Basal superoxide production in kidneys from male and female WT and SOD3−/− mice
Basal superoxide production in the cortex of kidneys from male (A) and female (B) WT and
SOD3−/− mice (n=6 in male WT, n=8 in male SOD3−/− mice, n=8 in female WT, n=7 in
female SOD3−/− mice, respectively). n.s., not significant, (p>0.05), * p<0.05
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Figure 4. NADPH oxidase activity in kidneys from male and female WT and SOD3−/− mice
NADPH oxidase activity in the cortex of kidneys in male (A) and female (B) WT and
SOD3−/− mice (n=6 in male WT, n=8 male SOD3−/− mice, n=8 female WT, n=7 female
SOD3−/− mice, respectively). n.s., not significant, (p>0.05), * p<0.05
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Figure 5. Renal blood flow recovery in male and female WT and SOD3−/− mice
Renal blood flow after 60 minutes of ischemia in male (A) and female (B) WT and SOD3−/−

mice, and renal vascular resistance in male (C) and female (D) WT and SOD3−/− mice
(n=16 in WT male, n=13 in SOD3−/− male, n=16 in female WT and n=13 in female
SOD3−/− mice).
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Figure 6. Nitrotyrosine staining in post-ischemic kidneys
Representative 3-nitrotyrosine staining after 24 hours of reperfusion in the cortex of post-
ischemic kidneys of male (A) and female (B) SOD3−/− mice and male (C) and female (D)
WT mice
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Figure 7. Tubular cast formation in post-ischemic kidneys
Representative tubular cast formation after 24 hours of reperfusion in post-ischemic kidneys
of male (A) and female (B) SOD3−/− mice and male (C) and female (D) WT mice (PAS
staining, original magnification ×100)
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Table 1

Renal injury in post-ischemic kidneys

Male WT Male SOD3−/− Female WT Female SOD3−/−

Outer Medulla Tubular necrosis 4.0±0.0 3.8±0.2 3.7±0.2 3.8±0.2

Cell infiltration 1.5±0.2 1.9±0.3 1.0±0.0 1.5±0.2

Tubular casts 1.0±0.0 2.3±0.4 1.2±0.2 2.4±0.3

Inner Medulla Tubular necrosis 4.0±0.0 2.9±0.4 3.8±0.2 3.4±0.3

Cell infiltration 2.8±0.2 2.2±0.3 3.0±0.0 2.6±0.2

Tubular casts 1.0±0.0 2.2±0.4 1.0±0.0 1.6±0.3

Renal injury scores in post-ischemic kidneys after 24 hours of reperfusion in male WT (n=6) and SOD3−/− (n=8) mice and female WT (n=6) and

SOD3−/− (n=9) mice (0=nil, 1=mild, 2=moderate, 3=severe and 4=very severe changes).
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